TJ, Sunny NE. Lipotoxicity in steatohepatitis occurs despite an increase in tricarboxylic acid cycle activity. Am J Physiol Endocrinol Metab 310: E484 -E494, 2016. First published January 26, 2016; doi:10.1152/ajpendo.00492.2015.-The hepatic tricarboxylic acid (TCA) cycle is central to integrating macronutrient metabolism and is closely coupled to cellular respiration, free radical generation, and inflammation. Oxidative flux through the TCA cycle is induced during hepatic insulin resistance, in mice and humans with simple steatosis, reflecting early compensatory remodeling of mitochondrial energetics. We hypothesized that progressive severity of hepatic insulin resistance and the onset of nonalcoholic steatohepatitis (NASH) would impair oxidative flux through the hepatic TCA cycle. Mice (C57/BL6) were fed a high-trans-fat high-fructose diet (TFD) for 8 wk to induce simple steatosis and NASH by 24 wk. In vivo fasting hepatic mitochondrial fluxes were determined by 13 Cnuclear magnetic resonance (NMR)-based isotopomer analysis. Hepatic metabolic intermediates were quantified using mass spectrometry-based targeted metabolomics. Hepatic triglyceride accumulation and insulin resistance preceded alterations in mitochondrial metabolism, since TCA cycle fluxes remained normal during simple steatosis. However, mice with NASH had a twofold induction (P Ͻ 0.05) of mitochondrial fluxes (mol/min) through the TCA cycle (2.6 Ϯ 0.5 vs. 5.4 Ϯ 0.6), anaplerosis (9.1 Ϯ 1.2 vs. 16.9 Ϯ 2.2), and pyruvate cycling (4.9 Ϯ 1.0 vs. 11.1 Ϯ 1.9) compared with their age-matched controls. Induction of the TCA cycle activity during NASH was concurrent with blunted ketogenesis and accumulation of hepatic diacylglycerols (DAGs), ceramides (Cer), and long-chain acylcarnitines, suggesting inefficient oxidation and disposal of excess free fatty acids (FFA). Sustained induction of mitochondrial TCA cycle failed to prevent accretion of "lipotoxic" metabolites in the liver and could hasten inflammation and the metabolic transition to NASH. steatosis; hepatic insulin resistance; mitochondria; nonalcoholic steatohepatitis OVER 70% OF OBESE HUMANS and patients with type 2 diabetes mellitus (T2DM) are afflicted with fatty liver disease (25, 30), of which mitochondrial dysfunction is a central feature (19, 42) . About 30 -40% of patients undergo the transition from simple steatosis to nonalcoholic steatohepatitis (NASH) (1, 11, 38), which is projected to be the most common indication for liver transplantation (8). Uncovering defects in hepatic mitochondrial metabolism assumes great importance toward understanding the transition to NASH and developing future prevention strategies. With progression of hepatic insulin resistance and triglyceride accumulation, there is constant remodeling of mitochondrial oxidative metabolism (19, 35, 41) , which includes alterations in enzyme activities and molecular regulation of mitochondrial networks (e.g., mitochondrial ␤-oxidation, TCA cycle, ketogenesis, mitochondrial respiration, and ATP synthesis). Apart from fueling gluconeogenesis and lipogenesis, these pathways are also tightly coupled to generating reactive oxygen species (ROS) and mediating normal inflammatory responses.
OVER 70% OF OBESE HUMANS and patients with type 2 diabetes mellitus (T2DM) are afflicted with fatty liver disease (25, 30) , of which mitochondrial dysfunction is a central feature (19, 42) . About 30 -40% of patients undergo the transition from simple steatosis to nonalcoholic steatohepatitis (NASH) (1, 11, 38) , which is projected to be the most common indication for liver transplantation (8) . Uncovering defects in hepatic mitochondrial metabolism assumes great importance toward understanding the transition to NASH and developing future prevention strategies. With progression of hepatic insulin resistance and triglyceride accumulation, there is constant remodeling of mitochondrial oxidative metabolism (19, 35, 41) , which includes alterations in enzyme activities and molecular regulation of mitochondrial networks (e.g., mitochondrial ␤-oxidation, TCA cycle, ketogenesis, mitochondrial respiration, and ATP synthesis). Apart from fueling gluconeogenesis and lipogenesis, these pathways are also tightly coupled to generating reactive oxygen species (ROS) and mediating normal inflammatory responses.
During the pathophysiology of fatty liver disease, triglyceride accumulation is thought to exceed and impede oxidative catabolism of free fatty acid (FFA) (3) . Defects in mitochondrial lipid oxidation are shown to occur together with hepatic insulin resistance and simple steatosis (29, 31, 47) . Interestingly, recent studies (15, 19, 35, 41 ) also point to a simultaneous induction of hepatic mitochondrial oxidative metabolism during hepatic insulin resistance and simple steatosis. In the setting of simple steatosis, hepatic tricarboxylic acid cycle (TCA) cycle flux was induced together with high rates of lipid accretion (21) in both mouse models (35) and human subjects (41) . Furthermore, simple steatosis was also associated with higher rates of mitochondrial respiration (19, 35) , which, under normal physiology, is closely coupled to the generation of reducing equivalents from the TCA cycle. However, progressive severity of hepatic insulin resistance and onset of NASH and/or T2DM is shown to impair mitochondrial respiration and ATP synthesis (19, 36, 44) . Taken together, it is not clear whether specific defects in mitochondrial oxidative metabolism are characteristic during the progression of simple steatosis and NASH.
Hepatic insulin resistance and triglyceride accumulation are also associated with accumulation of several "lipotoxic" lipid intermediates, including diacylglycerols (DAGs), ceramides (Cer), and long-chain acylcarnitines (20, 24) . These are often considered as products of impaired/incomplete mitochondrial oxidative metabolism and furthermore have the potential to impair insulin signaling and mediate hepatocyte inflammation (13, 39) . However, it is not clear whether impaired flux through hepatic TCA cycle occurs concurrently with elevated levels of lipid byproducts and/or altered expression of genes involved in mitochondrial oxidative metabolism in the liver.
We investigated whether impaired mitochondrial TCA cycle activity is a central feature of NASH. By using a combination of metabolic flux analysis, targeted metabolomics, and hepatic gene expression profiles, we demonstrate that the hepatic TCA cycle activity is induced during NASH. However, elevated TCA cycle activity was inadequate to prevent lipotoxicity and incomplete fat oxidation.
RESEARCH DESIGN AND METHODS

Animals and diets.
Animal studies were approved by the Institutional Animal Care and Use Committee at the University of Florida. Male mice (C57BL/6) purchased from Jackson Laboratories (Bar Harbor, ME) at 6 -8 wk were fed either a control diet (10% fat calories, no. D09100304; Research Diets) or a high-trans-fat highfructose diet (TFD, 40% fat calories, no. D09100301; Research Diets) for 8 or 24 wk. The TFD diet was enriched with 40% kcal fat containing Primex partially hydrogenated vegetable oil shortening, fructose (22% by wt), and cholesterol (2% by wt) (10) . At 8 wk of TFD feeding, mice had already developed simple steatosis, whereas 24 wk on TFD resulted in development of histological features of NASH as previously reported (Refs. 10 and 46, also see RESULTS).
Euglycemic-hyperinsulinemic clamp (insulin stimulation). Mice (n ϭ 6 -7/group) were implanted with indwelling jugular vein catheters 5 days before the experiment. In conscious and unrestrained mice following an overnight fast, insulin was infused at a constant rate (2.5 mU·kg Ϫ1 ·min Ϫ1 ). A mixture of 30% glucose enriched to 2.5% with [U- 13 C]glucose was infused to maintain euglycemia. Blood glucose was monitored every 10 min using a glucose meter. Following 90 min of euglycemia, the animals were killed, and blood glucose enrichments were determined as previously detailed for determination of endogenous glucose production (EGP) (35) . Severity of hepatic insulin resistance was also evaluated from the hepatic insulin sensitivity index, calculated as the product of fasting plasma insulin and fasting EGP (23) .
Stable isotope tracer infusions and metabolic studies. Alterations in liver metabolism were studied following 8 (simple steatosis) and 24 (NASH) wk of dietary challenge. Mice (n ϭ 6 -7/group) were implanted with indwelling jugular vein catheters 5 days before metabolic experiments. Following an overnight fast, mice were infused with a mixture containing [ 13 C3]propionate (37.5 mg/ml) and [3, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C2]glucose (3.75 mg/ml) as a bolus (0.30 ml/h) for the first 10 min followed by continuous infusion (0.12 ml/h) for the next 80 min. Following 90 min of tracer infusion, mice were anesthetized, and whole blood was collected from the descending aorta. Livers were flash-frozen in liquid nitrogen and stored at Ϫ80°C until further analysis.
Analysis of EGP and mitochondrial TCA cycle metabolism by 13 C-nuclear magnetic resonance. Glucose in the mice plasma was converted to the 1,2-isopropylidene glucofuranose derivative (monoacetone glucose) before 13 C isotopomer analysis (35) . 13 C-nuclear magnetic resonance (NMR) isotopomer experiments were conducted on a 600-MHz (14.1 T/5.1 cm) Agilent NMR spectrometer available at the National High Magnetic Field Laboratory, University of Florida, using a probe optimized for 13 C detection sensitivity accommodating 1.5-mm tubes with a sample volume of 35-40 l (28) . Peak areas were analyzed using one-dimensional NMR software ACD/Labs 9.0 before metabolic analysis as reported previously (5, 16, 32) . Endogenous glucose production was determined for stable isotope dilution of [3,4- 13 C2]glucose in mouse plasma. Furthermore, isotopomer analysis of the multiples arising from 13 C labeling of carbon-2 of glucose was used to determine the functional activity of hepatic TCA cycle metabolism (32, 34) . Briefly, [ 13 C3]propionate is taken up by the liver and enters the TCA cycle as succinyl- [1,2,3- 13 C3]CoA. The 13 C multiplets in glucose arising from the incorporation of 13 C are reflective of the relative rates of mitochondrial anaplerosis, pyruvate cycling, and TCA cycle flux (17) . These relative mitochondrial fluxes were converted to absolute fluxes by normalizing with EGP (16, 35) . The [
13 C3]propionate tracer by itself does not alter EGP or hepatic mitochondrial fluxes (33) , and the utility of this method has been extensively validated and discussed (6, 27) .
Targeted metabolomics. Frozen livers were ground to fine powder in liquid nitrogen before a representative aliquot (ϳ20 -25 mg) was weighed out to determine concentrations of individual classes of metabolites, including DAGs, Cer, acylcarnitines, organic acids, and amino acids. Following addition of their respective internal standards and homogenization with ceramic beads, metabolites were extracted and analyzed by mass spectrometry as detailed below for each individual class. Metabolites were quantified by peak area comparison with their respective or a representative internal standard.
Analysis of liver DAG and Cer by LC-MS/MS.
Internal standards [Cer(d18:1/17:0) and a d5-DAGs mix] were prepared in chloroformmethanol (1:2 vol/vol) and added to the liver aliquot before Folch extraction (14) . Separation was accomplished with a Sigma Aldrich Supelco C18 column (75 ϫ 2.1 mm, 1.9 m pore size) following the gradient information described in the following section. Hepatic DAGs and Cer were identified using precursor ion scanning [mass- MA) at 30°C. Pooled QC and blanks were injected every 12 samples throughout the sequence.
Analysis of liver acylcarnitines by LC-MS/MS.
Liver aliquots were homogenized and deproteinized with cold acetonitrile containing stable isotope-labeled internal standards (Cambridge Isotopes, Andover, MA). Following centrifugation at 13,500 revolutions/min (rpm) for 15 min, the supernatant was dried under nitrogen gas at 30°C and reconstituted in 90:10 methanol-water for LC-MS/MS analysis. Acylcarnitine data were collected using SRM mode on a Thermo TSQ Quantum Access triple-quadrupole mass spectrometer with an Accela 1200 LC pump and HESI source (positive ionization). Reactions fragmenting to m/z 85.3 were monitored following a 5-l injection on an ACE PFP-C18 column (100 ϫ 2.1 mm, 2 m particle size) at 40°C, as reported previously (40) .
Analysis of liver organic acids by GC-MS. Liver aliquots were spiked in with stable isotope-labeled organic acid internal standards, deproteinized with sulfosalicylic acid (10% final volume), and centrifuged at 13,500 rpm for 15 min. The supernatant was decanted to clean screw-cap tubes, 5 mmol of hydroxylamine-hydrochloride were added, and the pH was adjusted to seven to eight with 4 M potassium hydroxide. Following sonication (15 min) and incubation (65°C for 1 h), the pH was reduced to two by adding hydrochloric acid (6 M) and saturated with sodium chloride. Organic acids were extracted with ethyl acetate, dried under nitrogen gas, and converted to their tertiary-butyldimethylsilyl (tBDMS) derivatives before separation on a HP-5MS column (30 m ϫ 0.25 mm ϫ 0.25 m; Agilent) under electron ionization (HP 5973N Mass Selective Detector; Agilent).
Analysis of liver amino acids by GC-MS.
Amino acid concentrations were determined by isotope dilution with GC-MS as previously described (7) . To the liver aliquot, a known concentration of internal standard (hydrolyzed [U- 13 C, 15 N]algae protein powder) was added. Samples were then deproteinized with sulfosalicylic acid, and the supernatant passed over a cation exchange resin before elution of amino acids with 2.5 M ammonium hydroxide. The lyophilized amino acids were converted to the tBDMS derivatives before separation on a HP-5MS column (30 m ϫ 0.25 mm ϫ 0.25 m; Agilent) and fragmentation under electron ionization mode to monitor amino acid and internal standard ions (7) .
Histology. Liver from overnight-fasted mice were fixed in 10% neutral buffered formalin for 20 -24 h, washed, and stored in 70% ethanol before embedding in paraffin at the Molecular Pathology Core at the University of Florida. The liver sections from the control mice and mice with simple steatosis and NASH were then stained with Masson's Trichrome to visualize collagen fibers. The liver slides were blinded and scored by a veterinary pathologist using a previously published and validated scoring system of liver biopsies (18) .
Gene expression analysis. As previously reported (32) , quantitative real-time PCR mix contained 25 ng cDNA, 150 nmol/l of each primer, and 5 l SYBR Green PCR master mix (Bio-Rad). Samples were run in triplicate on a CFX Real Time system (C1000 Touch Thermal Cycler; Bio-Rad). The comparative threshold method was used to determine relative mRNA levels with cyclophilin as the internal control.
Biochemical measurements. Plasma ketone body and FFA concentrations were determined using an analytical kit (Wako Chemicals, Richmond, VA). Plasma insulin was measured by enzyme-linked immunoassay using the mouse Insulin ELISA kit (Crystal Chem, Downers Grove, IL). Triglyceride concentrations were determined using an analytical kit from Sigma (St. Louis, MO).
Materials and reagents. [3, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glucose (98%) was purchased from Omicron Biochemicals (South Bend, IN). [U- 13 C]propionate and acylcarnitine internal standards were purchased from Cambridge Isotopes. Internal standards, including Cer (d18:1/17:0) and d5-DAGs mix, were purchased from Avanti Lipids (Alabaster, AL). Other common chemicals were obtained from Sigma.
Statistical analysis. Statistical analyses for the targeted metabolomics data were performed in R version 3.1.2 (45) . To test the effects of age and treatment on metabolite levels, we fitted Type III ANOVAs with the fixed effects age, treatment, and the interaction between age and treatment (asking which metabolites changed differently with age in mice on a high-fat diet compared with controls) and ranked the metabolites according to their F-statistic for treatment effect (to illustrate which metabolites showed the strongest effect of treatment). We controlled the experimentwide false discovery rate at Q Ͻ 0.05 (2). We next examined overall patterns in classes of metabolites (DAGs, Cer, organic acids, amino acids, and acylcarnitines) by summarizing each class of metabolites using a principal-components analysis on z-scored data (pcaMethods package in R; see Ref. 37 ). We used the first principal component of variation in each class of metabolites to describe the overall pattern in that class and ran five separate ANOVAs (one for each class of metabolites, with fixed effects as described above plus liver triglycerides as a covariate) on the scores of each of these principal components. All other results were analyzed using ANOVA, and pairwise mean comparisons were performed using a t-test. Results are expressed as means Ϯ SE and were considered significantly different at P Յ 0.05.
RESULTS
Eight weeks of TFD feeding resulted in simple steatosis that transitioned by 24 wk to NASH. The metabolic characteristics of the mice are presented in Table 1 . Feeding TFD resulted in a mild but significant weight gain by the 8th wk that progressed to obesity by 24 wk of TFD feeding. Liver triglyceride content was significantly elevated by 8 wk of TFD feeding without any histological evidence of inflammation and fibrosis (Fig. 1A) and thus was not scored. Upon prolonged feeding of TFD (24 wk), the phenotype of simple steatosis transitioned to NASH, demonstrated by the presence of inflammation, severe steatosis, and fibrosis in mice with histology scores in the range of six to seven (Fig. 1A and Table 2 ). The transition to NASH was further evident from the significant induction of genes involved in fibrogenesis after 24 wk of TFD feeding (Fig. 1B) . Onset of hepatic insulin resistance was evaluated using euglycemichyperinsulinemic clamps following 8 wk of TFD feeding. Insulin stimulation failed to suppress EGP (Fig. 1C ) in 8-wk TFD-fed mice, indicating hepatic insulin resistance. The glucose infusion rate required to maintain euglycemia during insulin stimulation was also 70% lower in 8-wk TFD-fed animals (16.7 vs. 53.5 mol/min), reflecting muscle insulin resistance. Furthermore, hepatic insulin resistance worsened with 24 wk of TFD feeding as evident from the significantly higher values of hepatic insulin resistance index (Table 1) . Because mice fed TFD for 24 wk developed histological features of NASH, we selected the 8 vs. 24 wk on TFD to investigate alterations in mitochondrial metabolism associated with progressive disease severity.
Mitochondrial TCA cycle activity was induced in mice with NASH. As elaborated above, 13 C-NMR-based isotopomer analysis allowed us to determine the activity of multiple pathways through the hepatic mitochondrial TCA cycle, during the transition from simple steatosis to NASH. In spite of hepatic insulin resistance, EGP ( Fig. 2A) , absolute TCA cycle flux (Fig. 2B), total anaplerosis (Fig. 2C) , and pyruvate cycling , anaplerosis (C), and pyruvate cycling (D), determined using 13 C-nuclear magnetic resonance (NMR)-based isotopomer analysis, were all elevated in mice fed a TFD for 24 wk compared with their age-matched control counterparts. E: robust relationship between hepatic mitochondrial TCA cycle flux and mitochondrial anaplerosis. Values are means Ϯ SE (n ϭ 6 -7/group). *P Յ 0.05 between C and TFD-fed mice.
( Fig. 2D ) remained unchanged after 8 wk of TFD. Thus, during early stages of diet-induced insulin resistance and simple steatosis, mitochondrial fluxes could remain apparently normal (35) . We then tested the hypothesis that onset of NASH will impair mitochondrial fluxes through the TCA cycle. As expected, onset of NASH was accompanied by higher rates of EGP ( Fig. 2A) . Interestingly, mitochondrial TCA cycle metabolism was upregulated in mice with NASH. There was an approximate twofold induction in absolute TCA cycle flux (Fig. 2B), total anaplerosis (Fig. 2C) , and pyruvate cycling (Fig. 2D ) in mice with NASH, relative to their age-matched controls. Furthermore, a robust correlation between TCA cycle flux and anaplerosis was evident, indicating the dependence of anabolic pathways of glucose production on TCA cycle flux (Fig. 2E) .
Lipotoxic byproducts of fat oxidation, including Cer and DAGs, increased concurrently with hepatic TCA cycle activity. Lipid byproducts, including DAGs and Cer, showed significant increases in both the 8-and 24-wk TFD mice (Fig. 3, A and B) . DAGs were elevated in mice with simple steatosis by 8 wk, and the magnitude of this elevation increased markedly by 24 wk concurrent with the onset of NASH (Figs. 3A, 4A , and 4C). Cer also increased in TFD-fed mice compared with controls ( Fig. 3B) , but, unlike DAGs, this elevation was no more pronounced in NASH compared with simple steatosis (Fig. 4,  B and D) . However, the patterns were far less consistent in the Cer compared with the DAGs, with elevation of some metabolites increasing with increasing severity of disease (e.g., Cer16:0, Cer24:0), whereas elevation of others was mitigated with disease progression (e.g., Cer22:0, Cer23:0; Fig. 4D ). Taken together, the concurrent induction of hepatic TCA cycle metabolism and elevated Cer and DAGs suggest inefficient and incomplete fat oxidation during NASH.
Altered acylcarnitine levels and hepatic gene expression profiles substantiate inefficient fat oxidation during NASH.
In contrast to the general pattern of accumulation of DAGs and Cer, acylcarnitines were lower in TFD-fed mice (Fig. 3C) , although this was driven partly by increased liver triglycerides rather than directly by the effects of diet. However, examination of individual metabolites showed a striking dichotomy in the responses of long-chain and short-chain acylcarnitines: while all acylcarnitines decreased or showed a trend toward decreasing in mice with simple steatosis, long-chain acylcarnitines accumulated markedly in the liver concurrent with the transition to NASH (Fig.  4E) . Hepatic gene expression also revealed a consistent pattern of dysregulated mitochondrial fat metabolism wherein expression of several genes (Pc, Pgc1a, Ppara, Cpt1a, Lcad, and Mcad) was downregulated with onset of NASH ( Table 2 ). This occurred together with an induction on genes involved in pathways of inflammation (Il6 and Tnfa) during NASH. Taken together, elevated levels of metabolic byproducts of lipid metabolism and altered hepatic mitochondrial gene expression point to incomplete and inefficient disposal of FFA by hepatic mitochondria during simple steatosis and NASH.
When all of the metabolites were ranked by statistical significance (F-statistic) of the effect of diet, it revealed a unanimous trend predominated by DAGs and Cer (Table 3 ). In summary, while most of the organic acids and amino acids, which are substrates fueling the hepatic TCA cycle, remained unchanged during the transition to NASH (Fig. 3, D and E) , Cer, DAGs, and acylcarnitines were strongly affected by the TFD treatment. whether the pathogenic combination of high rates of triglyceride accumulation, inflammation, and fibrosis, observed during NASH, is accompanied with impaired oxidative capacity of the mitochondrial TCA cycle. Our results demonstrate for the first time that the oxidative capacity of hepatic mitochondrial TCA cycle is twofold elevated during NASH. The upregulation of TCA cycle activity persisted in spite of clear impairments in disposal/storage mechanisms of FFA, as evident from accumulation of a variety of lipid intermediates, blunted ketogenesis, and altered mitochondrial gene expression. A combination of upregulated oxidative flux and accretion of lipotoxic metabolites could provide a potent mitochondrial milieu during NASH to fuel ROS production and hasten inflammation. Hepatic metabolism constantly adapts and remodels with progressive severity of insulin resistance and substrate overload. A key initial aspect of this adaptation is the rapid accretion of triglycerides in the liver (simple steatosis), from plasma or dietary FFA and de novo lipid synthesis (12, 21) . Depending on the ability of the hepatocyte to buffer and store excess lipids, the initial stages of adaptation may not be accompanied by any apparent alterations in mitochondrial oxidative metabolism (35) . In fact, hepatic insulin resistance and simple steatosis were evident in our mice fed TFD for 8 wk (Fig. 1D ) even before alterations in mitochondrial TCA cycle metabolism were apparent (Fig. 2) , as previously reported (35) . However, the 8-wk TFD-fed mice with simple steatosis also exhibited a twofold elevation in plasma ketones (Table 1) along with upregulation of Ppara and Fgf21 gene expression. This suggests an early onset of hepatic compensatory mechanisms to dispose acetyl-coA units via ketogenesis. Fasting ketogenesis can account for up to two-thirds of the total fat oxidation in the liver, and further diversion of acetyl-coA toward ketones prevents oxidative burden on the hepatic TCA cycle. Thus, consistent with previous observations in both diet-induced (35, 43) and genetic rodent models of hepatic insulin resistance (32) , upregulated ketogenesis could serve to efficiently channel FFAs away from the TCA cycle. Interestingly, the apparently normal TCA cycle metabolism and elevated plasma ketones during simple steatosis occurred together with significantly higher levels of hepatic DAGs and Cer. This could be an early indication of the failure of lipid storage mechanisms to optimally buffer and store excess FFAs in the form of hepatic triglycerides.
Transition from simple steatosis to NASH combines additional factors, including cellular inflammation, ballooning, and fibrosis, together with steatosis, thus aggravating hepatocyte injury. Do these additional insults responsible for the transition to NASH impair mitochondrial oxidative metabolism? In this regard, mitochondrial oxidative metabolism encompasses several central pathways, including ␤-oxidation, hepatic TCA cycle, ketogenesis, respiratory chain activity, and ATP synthesis, all of which work in concert to maintain cellular homeostasis. Consistent with the idea of an early compensatory induction of mitochondrial oxidative metabolism, ␤-oxidation (15, 22) , ketogenesis, and TCA cycle activity (32, 35, 41) have all been reported to be induced in several mice models and in human subjects with simple steatosis. However, prolonged nutritional overload and progressive severity of liver disease (e.g., onset of NASH, T2DM) are associated with impairments in ketogenesis (32, 35) , mitochondrial respiratory chain activity (19) , and rates of ATP synthesis (36, 44) . In spite of the above reports, our results indicate that hepatic TCA cycle metabolism remains upregulated during NASH. Because generation of acetyl-coA through ␤-oxidation and its terminal oxidation through hepatic TCA cycle are major sources of energy generation, induction of these networks could be an obligatory phenomenon for synchronizing the energy-demanding processes (e.g., gluconeogenesis, lipogenesis) during states of substrate overload, such as obesity, simple steatosis, and NASH. Consistent with the idea that impaired mitochondrial TCA cycle could be deleterious to cellular energy demand, all three discrete pathways through mitochondrial TCA cycle metabolism, including absolute TCA cycle flux, anaplerosis, and pyruvate cycling, were all elevated in mice with NASH. Elevated TCA cycle flux provides evidence for the higher activity of citrate synthase toward terminal oxidation of acetylcoA. Furthermore, high rates of anaplerosis are reflective of the activity of pyruvate carboxylase enzyme, which is closely coupled to phosphoenolpyruvate carboxykinase and cataplerosis to regulate biosynthetic pathways of gluconeogenesis and lipogenesis (26) . Pyruvate cycling, which involves carboxylation/decarboxylation of pyruvate, has a significant role in lipid biosynthesis. Here, acetyl-coA generated from the cleavage of citrate by ATP-citrate lyase is used for lipogenesis, whereas the oxaloacetate (OAA) generated is returned back to the mitochondrial TCA cycle (by converting it to malate and then pyruvate and back to OAA) (4). Taken together, the coordinated induction of mitochondrial TCA cycle fluxes helps to sustain the bioenergetics of the insulin-resistant liver during simple steatosis (35, 41) and NASH.
A current prevailing hypothesis dictates that, during hepatic insulin resistance, long-chain acylcarnitines are diverted from mitochondrial oxidation to biosynthesis of hepatic triglycerides, DAGs, and Cer (9, 13) . While this was indeed the case in our study, it is important to note that accumulation of liver triglycerides, DAGs, and Cer occurred together with hepatic insulin resistance and simple steatosis when no alterations in mitochondrial TCA cycle fluxes were evident. Furthermore, during NASH, elevated levels of these lipotoxic intermediates coexisted with a twofold induction in mitochondrial oxidative TCA cycle flux. Taken together, incomplete fat oxidation (20, 24, 29) may be an early hallmark of hepatic insulin resistance. Several hepatic DAGs and long-chain acylcarnitines continued to increase with triglyceride accumulation and high rates of TCA cycle activity in NASH. This suggests that mitochondrial fat oxidation is becoming increasingly inefficient at disposing excess FFA. The plot of scores from the first principal component of variation for each metabolite class (Fig. 3) together with the statistical ranking of individual metabolites (Table 4) illustrates the high predictive power of DAGs and Cer in distinguishing NASH from simple steatosis.
With prolonged TFD feeding, hepatic ketogenesis was blunted in mice with NASH, indicating impaired flexibility of this pathway to adapt to excess substrate supply (35) . This is evident because the compensatory induction in plasma ketones in mice with simple steatosis was completely abolished with NASH. Furthermore, several genes associated with mitochondrial oxidative metabolism were downregulated in mice with NASH, suggesting an inability to adapt and compensate in spite of elevated nutrient flux. Taken together with the elevated levels of lipotoxic intermediates in NASH, these data indicate that the flux through ␤-oxidation could be considered "impaired" (29, 47) , since it is inefficient to handle the chronic FFA overload during NASH. Even then, considering the twofold induction in the hepatic TCA cycle, the FFA flux through ␤-oxidation, or from other nonlipid sources (40) , could be high enough to generate enough acetyl-coA (15, 35, 41) . This acetyl-coA is then being selectively partitioned into mitochondrial TCA cycle for complete oxidation during simple steatosis (35, 41) and NASH, fueling biosynthetic pathways in the liver.
In summary, hepatic insulin resistance during NASH presents a unique environment where high rates of triglyceride synthesis/storage coexist with high rates of mitochondrial TCA cycle activity. Considering the tight relationship between hepatic TCA cycle flux and mitochondrial anaplerosis (Fig. 2E and Refs. 32 and 41) to maintain gluconeogenesis, impairment at the level of mitochondrial TCA cycle metabolism could be implausible during NASH. Even then, sustained induction of hepatic mitochondrial TCA cycle during NASH could be reflecting combinations of 1) early compensatory response to FFA overload and 2) a progressive "inflexibility" of mitochondrial metabolism to insulin action and macronutrients, with severity of the disease. Constitutive induction of mitochondrial TCA cycle together with inefficient disposal/storage of FFA in the liver can be a chronic source of ROS and could hasten inflammation and fibrosis during NASH. Targeted manipulation of hepatic oxidative TCA cycle metabolism could provide an attractive prospective to alleviate mitochondrial dysfunction during simple steatosis and NASH.
